Spin Structures of Tetragonal Lamellar Copper Oxides
T. Yildirim Symmetry allows bond-dependent anisotropic exchange interactions, which lead to (s) interplsne mean-field coupling snd (b) sn in-plane snisotropy which vanishes classically but arises from quantum zero point energy (QZPE). A similar QZPE involving the interplsne isotropic interaction prefers collinear spins. Adding also dipolar anisotropy, the competition between all these effects explains for the Grst time the spin structures of many cuprates. The discovery of high-temperature superconductivity [1] initiated intense interest in the properties of the doped lamellar copper oxide systems. Hopefully, a step towards the understanding of the superconductivity of these systems would be to understand the simpler undoped systems, which are antiferromagnetic.
In this Letter we consider two structural families of such tetragonal systems, the "123" compounds, which are isomorphic to YBa2CusOs (YBCO) [2] , and the "214" compounds, isostructural to LazCu04 (LCO) [3] , as shown in Fig.  1 .
The magnetic structure of members in the latter family has been studied for more than twenty years. Famous examples [4] include KzNiF4, in which the spins order perpendicular to the basal plane, and RbzMnF4, where they order in that plane. The latter is also true of many cuprates, including orthorhombic LCO, and the tetragonal systems SrzCuClzOz [5] , PrzCu04 [6] , and Nd2Cu04 [6] . The magnetic properties of all these systems are very well described by an isotropic Heisenberg model in two dimensions, as demonstrated by the striking comparison between the theoretical predictions [7] for the temperature evolution of the correlation length and the corresponding experimental values at high temperatures [8 -10] . However, some of the magnetic properties of these systems depend on more subtle interactions and are less well understood. In particular, the two dimensional isotropic Heisenberg model would not have a phase transition at a finite temperature. In orthorhombic LCO, the transition was explained by the finite coupling between planes and by the antisymmetric spin exchange anisotropy [3] . However, in tetragonal systems the latter snisotropy is absent, and earlier calculations gave only isotropic Heisenberg exchange [11] . The interplane coupling, which tetragonally averages out in the mean-Geld sense, has also not been expected to contribute. Phenomenologically, the transitions were explained to result from a crossover to an XY model, due to some small easy plane anisotropy, followed by a crossover to three dimensional long range order, due to some very weak interplanar coupling [6, 8] . The easy plane anisotropy has only recently [12, 13] been explained to result from the interplay of spin-orbit and Coulomb exchange interactions, and its calculated [13] This unusual anisotropy is quite small here since [19] 6J;"/J As mentioned, the in-plane mode at q = 0 has zero frequency, within noninteracting spin-wave theory. However, this result is modified by spin-wave interactions.
To see this, we follow Ref. [14] and consider the QZPE. Apart from a 8-independent additive constant, this is given by Ez = zhg [co+(q) + u (q)]. Expanding Eq. Fig. 1 ). Note that this bond lies in a (110) mirror plane. Since the midpoint of this bond is a center of inversion symmetry, the exchange tensor J,«must be symmetric [20] . The mirror plane indicates that one principal axis of J~«(denoted "J ") is perpendicular to the mirror plane and the other two ("1" and "2" ) are in that plane, with "1" oriented at some angle P (not fixed by symmetry) with respect to the tetragonal z axis perpendicular to the CuOz planes. Given the exchange tensor J&&« for one such pair, the corresponding tensors for all other nn pairs are determined by symmetry. Summing over all nn pairs, we get the interaction energy between planes m and rn + 1 to be V = 2S sin(8 +8~~i)[J "~sin P+ J,"tcos P -J, ", ] -:Ds in(8 i 8 +g) .
(7)
To estimate the value of D, we assume that the relative anisotropy ( J "I -J «)/ J~« is similar to 6 J/ J. Then our estimate for J,"t gives iDi = 10 s eV [18] . However, this estimate should be taken as an upper bound, since we did not consider the P dependence of the square brackets in Eq. (7). For instance, for the 123 structure, symmetry dictates that P = 0 and Ji"1t = Ji"so that D = 0.
The last energy to be discussed is the dipolar interaction between [21] planes m, and m' which is of the form VD(m, rn') = A'cos(8~-8~) (8) if planes m and rn' are in registry (i.e., if they have the same origin), and is given by V~(m, m') = -A" sin(8 + 8 ) (9) for out of registry planes in the 214 structure. Here A' is positive and A" is given by A" = 3g p~S ) x, ,y;, o, /r. . . where r,~= r; -r~, i is the origin of plane m and j is summed over all sites in plane rn' [22] . We find that the sum in Eq. (10) must be carried over at least 100 shells of neighbors. For the lattice parameters of LCO (a = 3.9 3712 A, c = 13.2 A) and for rn' = m+ 1 the sum assumes the value 1.7 x 10 A s, so that A" = 4.4 x 10 s eV [18] .
Note that the energy of Eq. (7) ean be combined with the dipolar energy by rede6ning the constant A" of Eq.
(9) into A = A" -D. Noting the uncertainties in both the sign and size of D, the sign of A is not obvious.
Finally we discuss the spin structures one would predict on the basis of the above energies. We start with the 123 systems, which turn out to be the simplest. Here there is no frustration.
The dipolar interaction given in Eq. (8) with the experimental suggestions [5, 23] .
Other 214 structures may be similarly analyzed. For instance, consider PrzCu04, which has the structure shown in Fig. 2 with the singlet ground state ion Pr+s. Since the Pr ions have induced magnetic moments [6] , pp"we must also consider the Cu-Pr and Pr-Pr interactions. The largest relevant energy is now the (isotropic) Cu-Pr next-nearest-neighbor (nnn) antiferromagnetie exchange [24] J"""=4.5 x 10 4 eV between, e.g. , planes 1 and 3 (or 2 and 4) in the left panel of Fig. 2 Ac p since pc") pp, = 0.08ts~ [ 6] . Assuming that the effective D remains small, the resulting efFective term Eq. (11) ow has A = Ac"c"-2Ac"p, +Ap, p, (0.
Next consider the analog of Eq. (1), caused by the Pr-Cu exchange interactions, J», which average to zero in the mean-field sense. Although the geometry here is not exactly the same as in Ref. [15] , and there are short range differences, we still expect the corresponding 8 to be of order Cs J2"S/J. Taking J"")J"""gives8 )4 x 10 s eV. Thus both A and 8 dominate K~", and minimization of Eq. (11) then yields the apparently observed [6] structure shown in Fig. 2 [23] .
Now what can we say about the other observed structures, such as the various phases of Nd2Cu04 [6] ? The low-temperature phase of this material is shown on the right panel in Fig. 2 
